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SHIELD MATERIALS RECOMMENDED FOR SPACE POWER NUCLEAR REACTORS 

by Leonard J. Kaszubinski 
Lewis Research Center 

SUMMARY 

The shielding materials recommended for space power nuclear reactors are lithium 
hydride for neutron attenuation and either depleted uranium or a tungsten alloy for 
gamma-ray attenuation. For minimum shield weights, these materials are arranged in 
alternate layers to attenuate secondary gamma rays in the shield efficiently. It appears 
that these materials have been developed sufficiently for use in space flight shields. 

The zone- cooled casting process is recommended for lithium hydride fabrication. 

In this process, the lithium hydride is melted in a hydrogen atmosphere and cast direct- 
ly into its stainless- steel container. This container protects the chemically reactive 
lithium hydride and inhibits hydrogen loss. The advantages of casting are close fit to 
the container and ease of fabricating intricate shapes. The disadvantage of casting is 
the formation of' cracks during the freezing of lithium hydride. But an internal honey- 
comb reinforcement has been developed to control the sizes and propagation of these 
cracks within tolerable limits. 


INTRODUCTION 

The use of nuclear- reactor-type power systems is being considered for a wide 
variety of applications for space. These applications include direct- broadcast commu- 
nications satellites, electric propulsion for deep-space probes, and manned orbiting 
space stations. All these applications of nuclear power require radiation shields to 
protect the payload and men. The shield weight is a major factor in the overall system 
design. The shield may comprise from 20 to 60 percent of the total nuclear power sys- 
tem weight. Because laimch costs are sensitive to weight, minimization of shield 
weight is a prime concern in the design of nuclear space power systems. 

To attain low-weight shields, the materials that are most efficient to attenuate the 
radiation from the reactor must be used. In the late 1950’s, the Aircraft Nuclear Pro- 
pulsion (ANP) program began developing lithium hydride as an efficient neutron- 



attenuation material. This development was continued through the 1960’s in connection 
with the Systems for Nuclear Auxiliary Power (SNAP) program. Historically, gamma- 
ray- attenuating materials did not get the amount of attenuation that the neutron- 
attenuating materials received. Tungsten was regarded as the most efficient (from a 
minimum-shield- weight standpoint), although costly, material for gamma-ray attenuation. 
But recently, depleted uranium has been considered for use. Uranium’s efficiency as a 
gamma-ray-attenuation material is similar to that of timgsten. The high abundance of 
depleted uranium as tailings from diffusion plants has made it attractive costwise. 

This report (1) reviews the rationale for the selection of efficient space flight shield 
materials; (2) gives an overview of the recent lithium hydride (LiH) fabrication develop- 
ment efforts conducted by NASA; (3) recommends the materials that appear to be the 

best compromise among shielding efficiency, low cost, and engineering simplicity; and 
.6 • 

(4) provides pertinent material properties and recommendations to assist the shield de- 
signer. 

Depleted uranium is the material recommended for gamma-ray attenuation. How- 
ever, its use near the reactor may not be desirable. Near the reactor, excessive fis- 
sioning of the uranium may cause an appreciable increase of heat generated in the shield. 
This excessive fissioning could also cause intolerable swelling of the uranium. Thus, 
for regions in the shield near the reactor a timgsten alloy is recommended. 

Alloys of uranium may be needed to accommodate structural requirements in the 
high-temperature regions of the shield. The low- concentration uranium -titanium (U-Ti) 
alloys may be suitable for the temperature range from 478 to 811 K (400*^ to 1000° F). 

The uranium -molybdenum (U-Mo) alloys are recommended for use at temperatures 
greater than 811 K (1000° F). 

The work in this report was done in the English system of units. 


SHIELD jVlATERIALS 

To minimize the shield weight required for the desired attenuation of all radiation 
sources emanating from the power system of a space power nuclear reactor, the shield 
is constructed of discrete layers of gamma- and neutron- attenuating shield materials. 
The size, number, and location of the shield layers depend on the allowed radiation dose 
levels, the power level of the reactor, and the design of the power system. Shield com- 
plexity and weight will vary widely depending on these factors. The unmanned low- 
power reactors require very simple shields. For instance, the shadow shield for the 
thermoelectric power system of the unmanned SNAP-lOA reactor consisted of only a 
50. 8-centimeter (20-iri. ) thick layer of LiH (no discrete gamma layer used) weighing 
about 100 kilograms (220 lb) (ref. 1). On the other hand, the 4n shields for nuclear 
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reactor power systems for manned spacecraft become very complex (ref. 2). These An 
shields consist of multiple alternating layers of both types of shield materials (neutron 
and gamma) that weigh from 9070 to 65 800 kilograms (20 000 to 145 000 lb). 

This section of the report describes the general requirements of both the neutron- 
and gamma-attenuating shield materials. Also recommendations are made for the 
materials to be used in the shielding of nuclear reactors for electrical power production 
in space. 


Neutron -Attenuating Materials 

An efficient neutron- attenuating material consists of low- atomic-number nuclei with 
a large number of nuclei per unit volume. These material characteristics are effective 
in slowing down (reducing neutron energy) the highly energetic neutrons released from 
the reactor. During or after the slowing-down process, the neutron shield material 
must also capture the neutrons without producing excessive gamma radiation. 

Hydrogen, being the lowest-atomic-number nuclide, is the best slowing-down ma- 
terial. Materials having the highest hydrogen atom concentration per unit volume are 
sought. Use of these materials would minimize the thickness of the neutron shielding 
layers, which would, in turn minimize the size (and hence weight) of the gamma shield- 
ing layers that are located outside of the neutron shielding layers. Water, which con- 
tains about 11. 1 weight percent of hydrogen (6. 65x10 hydrogen atoms/cm ), is the 
material usually chosen for ground-based nuclear reactor shields. Its abundance and 
low cost make it attractive. Either water or a hydrocarbon could also be used for space 
nuclear reactor shields. However, the danger of losing the neutron shield through leak- 
age is greatly increased with the use of a liquid or a gas. The construction of reliable 
containers for liquids would impose severe weight penalties on the power system and 
would increase the complexity of the shields. For these reasons, solid neutron- 
attenuating materials are sought for use in space nuclear reactor shields. 

Table I lists several neutron-attenuating materials that have been considered for 
use in space nuclear reactor shields. Only the materials having melting points greater 
than 811 K (1000° F) are included because the shields for space power nuclear reactors 
may have peak temperatures in the range from 422 to 711 K (300° to 800° F) (ref. 2). 
Three types of materials are presented in table I: 

(1) The metal hydrides (LdH, CaH, TiH) 

(2) High- temperature materials (Li20 and BeO-B) 

(3) Intermediate-temperature composites (Be-B and BATH) 

Titanium hydride is considered to be a combination neutron and gamma-ray attenuator. 
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TABLE I. - HIGH- TEMPERATURE NEUTRON SHIELD MATERIALS 


Material 

Melting point 

Thermal conductivity^ 

— 

Density 

Reference 

K 

°F 

W/(cm)(K) 

Btu/(hr)(ft)(°F) 

g/cm^ 

Ib/in. ^ 

LiH 

925 

1265 

0.147 

8.5 

0.73 

0.026 

24 

CaH 

1256 

1800 

.031 

1. 8 

1.9 

.069 

25 


'’908 

1175 


— 

3.8 

. 137 

26 

LigO 

1533 

2300 



1.8 

.065 

25 

BeO-B 

2728 

4450 

.55 

32 

2.9 

. 105 

25 

Be-B 

1622 

2460 

1. 04 

60 

1.8 

.065 

25 

BATH‘S 

867 

1100 

1.21 

70 

2. 8 

.101 

27 


^At a temperature of 294 K (70*^ F). 

^^Dissociation pressure, 9.3x10^ N/m^ (27, 6 in. Hg) at indicated temperatures. 
^Composite material made of boron, aluminum, and titanium hydride. 


Lithium hydride has received the most attention to date in the development of SNAP 
reactor power systems (ref. 3). Although it is very brittle and its thermal conductivity 
is very low, which cause some engineering problems, it has other attractive properties, 
such as high hydrogen content, relatively low dissociation pressure, and the ability to 
capture neutrons without releasing gamma rays. For these reasons, LiH is recom- 
mended for use as the neutron- attenuating material for space power nuclear reactors. 

The fabrication development of LiH is discussed in the section LITHIUM HYDRIDE. 
Appendix A includes the pertinent engineering properties of LiH. 


Gamma -Ray-Attenuating Materials 

The requirements of an efficient gamma- attenuating material are just the opposite 
of those for the neutron shield. An efficient gamma shield consists of a material with a 
high electron density because the gamma rays react primarily with the electrons of 
atoms h.s they pass through a material. Thus, the high-density materials containing 
nuclei of high atomic number are the candidates for space power gamma shielding. 

Table n lists the materials that could be considered for gamma-ray shields. This 
table excludes those elements having melting points lower than 811 K (1000° F), with the 
exception of lead. Lead is included in the table for comparison purposes because of its 
common use as X-ray and gamma-ray shielding in other applications. Table II also ex- 
cludes the less-abundant elements that would incur excessive costs. The effectiveness 
of these materials in attenuating gamma rays can be ranked from either a weight or 
thickness standpoint. Table n shows the relative weight and thickness of a slab of the 
material required to attenuate gamma rays (4 to 10 MeV) by a factor of 10. Uranium is 
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TABLE II. - COMPARISON OF GAMMA-ATTENUATING MATERIALS 


Material 

Atomic 

number 

Approximate 

relative 

cost 

Melting point 

Density 

Thickness^ 

Relative 

weight^ 

K 

°F 

g/cm^ 

Ib/in. ^ 

cm 

in. 

U 

92 

4 

1406 

2070 

18.7 

0.675 

2.9 

1. 14 

1.00 

Pb 

82 

2 

600 

620 

11.3 

.408 

4.9 

1.93 

1. 05 

W 

74 

10 

3683 

6170 

19.3 

.697 

3.0 

1. 18 

1.08 

Ta 

73 

8 

3272 

5430 

16. 6 

.599 

3.5 

1.38 

1.09 

Mo 

42 

7 

2897 

4755 

10.2 

.368 

6.7 

2. 64 

1.27 

Nb 

41 

7 

2744 

4480 

8.6 

.310 

8. 0 

3. 15 

1.28 

Fe 

26 

1 

1812 

2800 

7.9 

.285 

9.4 

3.70 

1.39 


^Based on attenuation of 4- to 10-MeV gamma rays by factor of 10. 


the lowest in weight. If iron were used instead of uranium, it would be 39 percent heav- 
ier. Uranium is also the thinnest, requiring only 2. 8 centimeters (1. 2 in. ) thickness, 
while iron would require 9. 4 centimeters (3.7 in. ). 

There are other engineering aspects to consider in selecting one of these materials 
for space reactor shielding. The interaction of neutrons with the gamma shielding 
material will affect its selection. For instance, the use of uranium near the reactor 
may not be desirable. Even though "depleted" uranium is used (containing less than 
0. 3 wt. % U ), significant fissioning in the uranium could occur. This could cause a 
substantial increase of heat generated in the shield and could also cause uranium swell- 
ing. These considerations usually exclude the use of uranium near the reactor. How- 
ever, the use of depleted uranium is recommended in regions of the shield away from 
the reactor. The section entitled URANIUM discusses the characteristics of uranium. 
Appendix B includes the pertinent engineering properties of uranium and its alloys. 

Another area of concern is the production of additional gamma rays (called second- 
ary gamma rays) caused by neutron absorption and inelastic neutron scattering in the 
shield material. All the materials in table n will produce secondary gamma rays when 
they are bombarded with neutrons from the reactor. This production of secondary* 
gamma rays is a distinct disadvantage because additional gamma shielding is required 
to attenuate them. Lead produces very weak secondary gamma rays. This property 
alone makes lead a very desirable candidate for gamma shields surroxmding a reactor. 
However, because of its relatively low melting point, lead would be molten in a high- 
temperature shield if special cooling were not provided. Cooling the lead to prevent 
melting would require a low- temperature coolant not normally available in most space 
power systems. Thus, separate special low- temperature cooling loops must be pro- 
vided. On the other hand, if molten lead is used, it must be reliably contained. The 
containment of high-temperature molten lead in steel containers has been investigated 
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(ref. 4). The molten lead decarburized its steel container, weakening it severely. 

Thus, the use of lead in a high-temperature shield presents ei^ineering complexities 
that usually eliminate it from consideration. 

If lead is eliminated for use in the shield and uranium cannot be used near the reac- 
tor, tungsten is the gamma shield material recommended for use near the reactor. Be- 
cause tungsten is difficult to form and fabricate, the heavy-metal alloys are recom- 
mended for use (see the section TUNGSTEN HEAVY-METAL ALLOYS and appendix C). 

Finally, there may be unique structural requirements imposed on the gamma shield 
layers. For instance, if the shield layer near the reactor must provide ground-impact 
protection for the reactor (after accidental reentry), high- energy- absorbing materials 
such^as tantalum could be used. Although table n indicates that the use of tantalum 
instead of tungsten is not a serious compromise, the activation of tantalum by the 
Ta^®^(?j, reaction must be considered. 

LITHIUM HYDRIDE 

The physical forms of LiH that have been considered for use in shielding range from 
vibration- packed granules (as high as 70 percent theoretical density) to hot-pressed 
compacts (greater than 99 percent density). Cold pressing and casting usually result 
in a density range fr.om 93 to 95 percent of theoretical density. The advantage of using 
vibration- packed granules is low cost. The disadvantages are low hydrogen densities, 
very low thermal conductivity, and no strength. On the other hand, hot-pressed com- 
pacts are the most expensive. The high density that can be achieved with hot pressing 
will result in a minimum -weight shield. However, from the radiation-damage stand- 
point a very high density will be a disadvantage. It appears that a 3 to 5 percent void 
in the LiH is required to accommodate the radiation- induced swelling of LiH (see ap- 
pendix A). Thus, it appears that cold pressing and casting are the prime candidates 
of fabricating LiH for space flight shields. 

i* 

This section of the report first describes the cold pressing and casting fabrication 
proc^esses. The casting process is recommended for use. Then a brief review of the 
development of LiH casting is followed by a description of more recent experiences, 
with the fabrication of the experimental shield for the NASA Lewis Research Center 
Zero Power Reactor and the fabrication of a LiH thermal conductivity test disk. 


Fabrication Methods 

Regardless of the method of fabrication, LiH must be protected from water vapor 
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at room temperature. At elevated temperatures, water vapor, nitrogen, carbon diox- 
ide, and many other elements and compounds must not contact LiH. 

Cold pressing . - The size of a LiH compact that can be prepared by the isostatic 
cold-pressing technique is limited only by the size of the pressure vessel that can be 
built. Granular LiH is vibration packed into a thick- walled flexible rubber or plastic 
bag. This bag is supported by a plastic form. The form is constructed in the geometry 
of the desired shape. The bag is sealed and evacuated. About 95 percent of theoretical 
density is attained with a pressure of 2. 07x10 N/m (30 000 psi). Sizes as large as 
63. 5 centimeters (25 in. ) in diameter and 91. 4 centimeters (3 ft) in length have been 
produced with very uniform density (ref. 3). Sizes as large as 1. 32 meters (52 in. )-^in 
diameter and 1. 2 meters (4 ft) in length are possible with existing isostatic chambers. 

After compaction, the cold-pressed LiH is machined to fit its container. These 
containers are required to protect the LiH from chemical reactions and to limit hydro- 
gen loss to acceptable values. The machining operations are conducted in a dry nitro- 
gen atmosphere. This is necessary to protect the LiH from air and moisture contami- 
nation and to avoid spontaneous ignition of the chips and powder. 

These machining operations can be quite expensive, especially when the LiH shield 
sections are either irregular or contain ducts. Furthermore, the fit between the LiH 
and the container may be too loose. This could cause neutron streaming, heat- transfer 
problems, and structural difficulties. The casting of LiH directly into its containment 
avoids these drawbacks. The following section describes the casting fabrication pro- 
cess. 

Casting . - The zone- cooling technique has been used to produce LiH castings. The 
LiH is melted in a hydrogen atmosphere and poured directly into its containment (usually 
an austenitic stainless steel). The LiH is then progressively frozen from the bottom 
upward to accommodate the 20 percent shrinkage of freezing LiH. The casting size is 
limited only by the capacity of the casting facility. LiH castings as large as 2. 13 me- 
ters (7 ft) in diameter and weighing as much as 773 kilograms (1700 lb) have been pro- 
duced (ref. 5). Castings 2. 44 meters (8 ft) in diameter and weighing as much as 
1818 kilograms (4000 lb) are possible using an existing facility. 

The zone- cooled casting process produces LiH densities in the range from 93 to 
95 percent of theoretical. The 5 to 7 percent void in the cast material consists mainly 
of cracks. These cracks occvir as the result of the internal stresses developed during 
freezing. Because LiH is very weak and brittle (see appendix A) cracks are formed to 
relieve the stresses. Large cracks in the LiH may reduce its shielding efficiency. For 
this reason, reinforcing structures have been successfully put into the cast material to 
control the size and propagation of the cracks (see next section entitled Casting Develop- 
ment). 
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In general, casting is a versatile method of producing large and intricate shapes of 
LiH. The advantages of the casting process are 

(1) Close fit to the container (no machining tolerances) and thus better heat-transfer 

characteristics 

(2) Ease of fabricating shapes directly into intricate containers 

(3) No expensive machining equipment required 

For these reasons the casting process is recommended for use in the fabrication of LiH 
shields for nuclear reactor space power systems. 


Casting Development 

The Atomic Energy Commission has sponsored lithium hydride shield development 
in the Aircraft Nuclear propulsion (ANP) and the Systems for Nuclear Auxiliary Power 
(SNAP) programs. This section gives a brief overview of the lithium hydride shield 
development in the SNAP programs. 

Fabrication . - Nine SNAP LiH shields were cast (refs. 5 and 6). The shapes of 
these shields were either cylindrical or a conical frustum containing from 91 to 
773 kilograms (200 to 1700 lb) of LiH. Each of these shields was unique. Not only were 
their shape and size varied, but the container wall thicknesses were also varied from 
0. 051 to 0. 279 centimeter (0. 02 to 0. 110 in. ) to study distortion problems. Further- 
more, reinforcing structures such as honeycomb and stainless- steel wool were used in 
attempts to control the size and propagation of cracks. Also tube ducts and internal 
structures such as ribs and truss-type tubular members were incorporated into the 
castings. 

Container wall distortion: To minimize the weight penalty associated with the LiH 
containment, thin container walls are desirable. However, other considerations such 
as hydrogen permeation, micrometeoroid protection, structural requirements, and con- 
tainer distortion occurring during the casting process may control the selected thick- 
ness of the container wall. This latter effect (distortion diiring casting) was studied. 

All containers with walls thinner than about 0. 102 centimeter (0. 04 in. ) were found to 
undergo moderate to severe distortion. The only successful attempt at limiting the dis- 
tortion of a thin container wall (0. 051 cm (0. 02 in. ) thick), to acceptable limits occurred 
when stainless-steel screens were used to disrupt the adhesion between the LiH and the 
container wall. This disruption of the bond would, however, tend to increase the re- 
sistance to heat flow and worsen the already poor heat-transfer properties of LiH. The 
very thick (0. 279- cm (0. 110-in. ) thick), container wall was used in a shield where the 
container wall served as the only structural member supporting the reactor. The dis- 
tortions in the container wall of this shield were nil. 
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It appears that container -wall thicknesses from 0. 102 to 0. 204 centimeter (0. 04 to 
0. 08 in. ) will result in acceptable distortions. Wall thicknesses approaching 0. 204 cen- 
timeter (0. 08 in. ) may be required from the hydrogen permeation and micrometeroid 
damage standpoints (ref. 2). 

Crack control: The tendency of LiH to crack during casting and when subjected to 
vibrational loading requires internal reinforcement in the LiH. Two tjq>es of reinforcing 
structures have been used. The first and most successful is an "egg crate" honeycomb 
with 2. 54-centimeter (1-in. ) square cells. The honeycomb walls are 0. 0025- centimeter 
(1-mil) thick stainless steel. Perforations 1.27 centimeters (1/2 in. ) in diameter on 
1. 91- centimeter (3/4- in. ) centers in the honeycomb Avails allow the molten LiH to flow 
freely among the cells to eliminate void formations. The length of the square honey- 
comb cells is oriented normal to the direction in which maximum shielding effectiveness 
is desired. Thus, the maximum crack depth would be only about 2. 54 centimeters 
(1 in. ) - the distance across one cell - through the thickness of the LiH shield layer. 

The second type of reinforcing structure that has been used is stainless-steel wool. 
To avoid the relatively costly honeycomb, stainless-steel wool Avas substituted for the 
honeycomb in two of the SNAP castings. The amount of steel wool inserted into these 
shields Avas comparable to the honeycomb volume (i. e. , ~ 0. 2 percent). This amount of 
steel wool proved generally ineffective in the control of cracks. This ineffectiveness 
was, in part, the result of lack of uniformity that Avas aggravated by shifting of the wool 
caused by the floAving molten LiH. A larger amount of wool may prove more effective; 
however, the shifting problem must be solved. 

At this time, it appears that the eg^- crate honeycomb would be more appropriate 
for use as a LiH reinforcing structure in space nuclear reactor shielding. 

Testing . - The SNAP LiH shields were subjected to structural and thermal enAdron- 
mental tests that are expected during launch and operation in space. 

Structural testing: Internal structures have been used in the SNAP shields. One 
shield had perforated ribs welded to the inner surface of the container to secure the LiH 
to the container Avail. This Avas done for two reasons: first, to eliminate the ringing or 
rattling of the LiH in the container when it Avas Adbrated; and second, to reduce the ther- 
mal resistance at the LiH-wall interface. Structurally, the ribs were successful in 
eliminating the ringing. However, some of the weld joints failed during the Adbration 
testing (ref. 6). The results of the thermal tests are included in the following section. 

Another shield had internal perforated tubes used as tension structural members to 
support the reactor. The LiH was used as the compression structure. Again a weld 
connecting a perforated tube to the side Avail of the container failed during Adbration test- 
ing. The test Avas otherwise successful since the LiH withstood the compressive loading 
Avith no apparent failure. 
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Thermal testing: Five of the SNAP shields were thermally cycled from 294 to 811 K 
(70° to 1000° F) (ref. 6) to determine the effectiveness of the reinforcing structures in 
controlling crack propagation. Severe cracking occurred as a result of thermal cycling 
in those shields without the honeycomb. Bulk thermal conductivity measurements were 
conducted on three shields (see appendix A). 


Zero Power Reactor Test Shield 

Four shield segments were designed and built and were filled with LiH by the zone- 
cooling casting process (ref. 7). The segments were sectors of a right- circular cylin- 
drical annulus intended for use in neutron shield tests at the NASA Lewis Research 
Center Zero Power Reactor Facility. The cylindrical annulus, 0. 747 meter (29. 4 in. ) 
in diameter and 0 925 meter 36. 4 in. ) high, contained about 160 kilograms 352 lb) of 
high-purity (>98 percent) natural LiH in the 0. 133-meter (5.22-in. ) thick walls. Three 
of the four segments contained penetrations through the LiH that are intended for use in 
tests of radiation streaming through ducts. Figure 1 shows the assembly of the four 
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segments. Two curved penetrations 8. 9 and 5. 08 centimeters (3. 5 and 2 in. ) in diam- 
eter are visible. Figure 2 shows the four segments. The containers are all made of 
welded type-304 stainless steel. The segments contained the egg-crate honeycomb (see 
previous section entitled Casting Development). The honeycomb cells' axis was oriented 
parallel with the centerline of the cylindrical annulus. 

Geometry . - The segmented annulus design of the ZPR LiH test shield was dictated 
by the interface requirements with the existing ZPR test facility and the desire to re- 
orient and replace sectors of the shield. Moderate distortion problems were anticipated 
because of the nonsymmetrical geometry of the segments. Two types of distortion can 
occur as a result of the casting thermal cycle: 

(1) The relief of residual welding stresses, which causes gross movements of the 

container structure 

(2) A pull-in of the container side wall caused by the contracting LiH as it cools 
Because inward movements of the side walls would not affect the assembly of the seg- 
ments into the required annulus, no attempt was made to prevent these movements. But 
gross movements of the container structure were not permissable. Thus, a rigid sup- 
port structvire was constructed in which the segment containers were constrained during 
the casting thermal cycle. This structure successfully controlled the gross distortions 
(ref. 7). 

The thickness of the segment container wall was 0. 198 centimeter (0. 078 in. ). 

This thickness was selected as representative of space flight LiH shields according to 
reference 2. The convex walls of the segments generally pulled inward from 0. 051 to 
0. 102 centimeter (0. 02 to 0. 04 in. ). jSurprisingly, two segments exhibited local bulges 
as large as 0. 109 centimeter (0. 043 in. ) in the convex walls. This latter type of dis- 
tortion was not anticipated. All the cbncave faces and the side plates were drawn in- 
ward, producii^ a concavity. The side plates pulled inward from 0. 102 to 0. 204 centi- 
meter (0. 04 to 0. 08 in. ), and the con^ve siirfaces pulled inward from 0. 152 to 
0. 304 centimeter (0. 06 to 0. 12 in. ). ! 

Crack control . - The internal honeycomb was effective in preventing excessive 
propagation of individual cracks. Crack depths (in the shielding direction) were suc- 
cessfully controlled within the 2. 5 4- centimeter (1. 0-in. ) width of a honeycomb cell. 
However, some agglomeration of cracks in the LiH was noted in each segment. The 
reduced shield efficiency resulting from these crack agglomerations is as yet unknown. 

Void control . - The technique of the zone-cooling casting process eventually pro- 
duced void-free castings after some initial difficulties. In the first two segments that 

3 

were cast, voids from 98.3 to 163. 9 cubic centimeters (6 to 10 in. ) formed beneath the 
fill tubes. The last two segments were void free after an adjustment was made to the 
trim heater configuration around the fill tube. 
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Recommendations . - It appears that nonsjrmmetrical LiH shapes can be cast with- 
out excessive distortions. However, the distortions that do occur are greater than 
those experienced in symmetrical castings. Thus, looser fits between shield parts may 
be necessary. This looseness of fit may cause undesirable radiation streaming and 
thus contribute to shield inefficiencies. Therefore, it is recommended that the shield 
designer 

(1) Minimize the number of LiH castings in the shield 

(2) Strengthen or stiffen the thin flat walls 

(3) Avoid nonsymmetrical shield parts if possible 


Thermal Test Disk 

A flat disk-shaped container made of stainless steel was built and filled with lithium 
hydride by the zone-cooled casting process. The container was 0. 762 meter (30 in. ) in 
diameter by 0. 152 meter (6. 0 in. ) thick. This disk will be subjected to a series of 
thermal conductance and vibration tests. This section of the report describes the fabri- 
cation of the thermal test disk. 

Geometry . - The LiH disk that was cast could not be oriented horizontally because 
(1) discontinuities in a flat-face surface near the final closure, (2) slight voids near the 
filler tube, and (3) possible void formations underneath the flat end if it were positioned 
at the top would interfere with the thermal pattern of the planned thermal conductance 
test. Thus, the disk was cast on edge. That is, the flat ends of the disk were position- 
ed vertically and the filler tubes were located on the cylindrical svirface of the disk. 

The two filler tubes straddled the exterior flange and an internal ring, as shoAvn in 
figure 3. The flange, internal ring and internal ribs were required for the structural 
vibration tests. Also shown in figure 3 are the thermocouple support structures. Fig- 
ure 4 shows the egg-crate honeycomb installed. Only the perforations of the top layer 
of cells are visible. Figure 5 shows the completed thermal test disk. The bulged cen- 
ter of the disk (on both ends) was not anticipated. It was expected that the flat side 
plates of the casting fixture, shown in figure 6, would restrain any bulging caused by the 
hydrostatic pressure of the molten LiH. However, these side plates of the fixture were 
not sufficient to oppose the oil canning of the thermal disk wall that occurred during 
freezing of the LiH. 

Recommendations . - Deviations from a tested orientation or configuration in the 
casting of LiH requires very careful analysis of the forces developed during the casting 
cycle. Distortions can easily occur at the 978 K (1300° F) peak temperature in the cast- 
ing cycle. In the case of the thermal test disk, it was recognized that forces caused by 
the hydrostatic pressure induced by the molten LiH could bulge the flat ends of the disk. 
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Figure 3. - Thermal test disk partially assembled. 
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Figure 4. - Honeycomb reinforcement installed In thermal test disk. 









Figure 5 . - Completed thermal test disk. 
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Figure 6. - Thermal test disk in casting support fixture. 







But the magnitude of other thermally induced forces was underestimated. 

Another problem area is that small voids continually occur below the filler tubes. 
The wraparovmd filler tube heaters are not always successful in controlling the last 
stages of LiH freezing in the casting. Other approaches such as immersion heaters 
should be investigated. 


URANIUM 

The use of either unalloyed uranium or an alloy of uranium will depend on the tem- 
perature and the desired strength and fabrication properties. For high-temperature 
applications (>933 K (1220° F)), a cubic-gamma-phase-stabilized alloy such as the 
U- 8 M 0 alloy would be reqviired. The dilute low concentration U-Ti or U-Zr alloys may 
be suitable for use at temperatures below 933 K (1220° F), Unalloyed uranium may be 
suitable for temperatures below about 533 K (500° F). 


Thermal Stability 

For temperatures below 933 K (1220° F), unalloyed uranium or uranium alloys with 
allo 3 dng additions in relatively low concentrations can be used. These materials can be 
heat treated to attain random grain orientation for thermal stability under thermal cy- 
cling conditions in the alpha temperature zone (i.e. , <933 K (1220° F)). For tempera- 
tures above 933 K (1220° F), allojdi^ additions to the uranium must be made in suffi- 
cient concentrations (such as the U- 8 M 0 alloy) to stabilize the cubic gamma phase either 
partially or completely, thereby eliminating the intrinsic instability of the orthorhombic 
alpha phase when the material is thermally cycled above 933 K (1220° F). 


Strength 

The strength properties of unalloyed uranium rapidly deteriorate with increasing 

temperature. At 533 K (500° F), the ultimate strength of unalloyed uranium may be as 
8 2 

low as 2. 07x10 N/m (30 000 psi) - see appendix B. Although unalloyed uranium can 
be thermally stabilized by heat treatment for use to 933 K (1220° F), its low strength 
at the higher temperatures would probably not allow its use as a structural material in 
the shield. For this reason, the U-Ti and U-Mo alloys are considered for use (see 
appendix B). 
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Fabrication 


The fabrication properties and weldability of unalloyed uranium and the low- 
concentration U-Ti alloys are similar. Welds in uranium and in the U-0. 5Ti alloy have 
strengths equivalent to their base metals. However, the ductility of the welds in both 
uranium and the U-Ti alloys may be one-half to one-third of the base metal ductility 
(see appendix B). Full- penetration welds in 1. 27- centimeter (1/2-in. ) thick uranium 
have been successful (ref. 8). Successful full-penetration welds in thicker plates have 
yet to be demonstrated. 

The fabrication of the U-8Mo alloy is considerably more difficult. Higher tempera- 
tures (several hundred degrees Fahrenheit higher than required for unalloyed uranium) 
are required during wrought forming (ref. 9). The U-8Mo alloy exhibits "memory" 
characteristics; that is, it tends to return to its original shape after forming. Welds 
in the U-Mo alloys having molybdenum concentrations greater than 4 weight percent are 
very brittle and are plagued with stress -corrosion failures (refs. 10 and 11). This lat- 
ter problem can be eliminated by prompt stress relief after welding (ref. 11). Because 
the U-8Mo alloy is difficult to fabricate, its use is not recommended where the strength 
and thermal stability of uranium and the U-Ti alloys are sufficient to meet the structural 
requirements. 


Heat Treatment 

Uranium and its low- concentration alloys must be heat treated to attain random 
grain orientation for thermal stability. Two types of heat treatment are available. The 
first is a beta heat treatment that consists of quenching or furnace cooling from the beta 
phase - between 933 and 1044 K (1220° and 1420° F). The second type consists of 
quenching from the gamma phase - above 1044 K (1420° F). 

The U-Ti alloys age harden. Prolonged exposure (>1 hr) of these alloys at 672 K 
(750° F) could decrease their room -temperature elongation by one-half, while exposure 
to 756 K (900° F) may decrease the room temperature elongation to one-quarter of its 
normal value (ref. 12). This age-hardening characteristic may restrict the use of the 
U-Ti alloys to temperabires below 672 K (750° F) if retention of low-temperatiure ductil- 
ity is required. 


Corrosion 

Unalloyed uranium is susceptible to rapid atmospheric corrosion (oxidation). At 
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ambient temperatures in air, a black tenacious oxide film covers its surface. At tem- 
peratures above 478 K (400° F) in air, the oxide film spalls from the surface, allowing 
the oxidation to progress deeper into the material. Above 867 K (1100° F), the uranium 
may ignite in air regardless of its thickness. 

The U-Ti alloys provide increased oxidation resistance. Reference 13 indicates 
that the U-0. 5Ti alloy offers a 25-fold improvement in resistance to corrosion when 
compared to unalloyed uranium. The U-8Mo alloy can provide even better oxidation 
resistance. Reference 9 indicates that the corrosion resistance of U-8Mo at room tem- 
perature, as opposed to unalloyed viranium, is improved by a factor of 1000. 

Although the uranium layers in the shield will be in a vacuum during its space fUght 
operation, there may be situations when the uranium may be either exposed to air at 
temperatures above ambient or subjected to corrosive atmospheres. Various protective 
coatings have been applied to uranium with varying success. Nickel plating has been 
partially successful. However, slight deviations in the plating process may result in 
pinholes and thin spots (ref. 14). Thin spots in the nickel plating have been observed in 
the less accessible surfaces of irregular shapes. Depending on the environment to 
which the nickel-plated uranium is subjected, these imperfections can lead to under- 
cutting, peeling of the nickel plate, and the subsequent severe corrosion of the uranium. 
The nickel plating exposed to a nonsalt general weathering environment has remained 
intact for years. A high- temperature air environment, however, may cause qmck fail- 
ure of the nickel coating if small pin holes or thin spots are present. 

The best organic coating was an acrylic enamel sprayed on a zinc chromate primer 
that was also applied by spraying. This coating withstood a salt spray test at room 
temperature for over 700 hours. 

For maximum protection the uranium layers of the shield could be encased in all- 
welded stainless-steel cans. This procedure, however, musballow for the incompati- 
bility of uranium with stainless steel at temperatures in excess of 978 K (1300° F). 


TUNGSTEN HEAVY -METAL ALLOYS 

A heavy- metal tungsten alloy was selected to avoid the difficult forming and machin- 
ing characteristics of tungsten. One of the biggest advantages of the heavy-metal alloys 
is that their machinability is similar to that of stainless steel. 

There are several commercially available heavy-metal tungsten alloys. The tung- 
sten content in these alloys ranges from 89. 5 to 95. 0 weight percent. The W-3. 5Ni- 
1. 5Fe alloy is chosen for its high density (high tungsten content) and because it possess- 
es the highest elongation properties of all the heavy- metal alloys. Appendix C contains 
some properties for this alloy. 
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Fabrication 


Powder-metallurgy techniques are used to make the heavy- metal tungsten alloys. 
Alloy parts are produced by blending the component powders, pressing the blended pow- 
ders into the required shape, and densifying by liquid-phase sintering. 

Two-phase alloys . - The heavy-metal alloys are two-phase alloys. In the W-3. 5Ni- 
1.5Fe alloy, grains of the tungsten-rich phase (~99 percent tungsten) are surrounded 
by a second or matrix phase (~30-wt. % W - 50- wt. % Ni - 20-wt. % Fe). This matrix 
phase melts at 1739 K (2670° F), and the tungsten- rich phase has a melting point in ex- 
cess of 2772 K (4530° F). 

Size limitations . - The size of heavy-metal parts that can be produced is limited by 
the pressing facility and sintering furnace. It appears that current commercial facili- 
ties can produce parts as large as about 30. 5 centimeters (12 in. ) diameter and about 
91.4 centimeters (3 ft) long. The pressing operation is usually performed by explosive 
compaction in the breech of a naval gun. A large 2. 07x10 -N/m (30 000-psi) isostatic 
chamber has been used to produce a tungsten crucible weighing 773 kilograms (1700 lb) 
(ref. 15). This crucible was 33 centimeters (13 in. ) in diameter and 61 centimeters 
(2 ft) long and had a wall thickness of 2.54 centimeters (1 in. ). The ability to produce 
larger compacts of the tungsten heavy-metal alloys has not yet been demonstrated. 
Another problem is that the existing sintering furnaces may not be able to handle the 
weight of a large tungsten piece. Also, very massive parts have a tendency to slump 
during the sintering operation (ref. 15). Controlling this slumping may require a devel- 
opment program. 

Thus, it appears that the largest tungsten heavy-metal alloy part that can be pro- 
duced with existing facilities is about 30.5 centimeters (12 in. ) in diameter by 91. 4 cen- 
timeters (3 ft) long. If plates wider than this are required, the maximum-size billet can 
be forged and rolled. These forming operations must be conducted at temperatures 
greater than 1367 K (2000° F) (ref. 16). If cylindrical parts are required, these plates 
can then be roll formed to produce the desired shape. These operations are quite costly. 
It may be more practical to produce individxial pieces that conform to the maximum bil- 
let size and join them together to form the desired shield layer. 


Joining 

Joining by welding does not appear to be feasible. Welding of the W-Ni-Fe alloys 
results in either vaporized matrix material or matrix melting only (ref. 17). In the 
former instance, no joint is made; in the latter, the joint is much less dense than the 
rest of the material and has completely different properties. This applies to the other 
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heavy-metal alloys as well because they are all characterized by the two-phase alloy 
composition. 

Brazing is another possible means of joining, but the temperature resistance of the 
assembly is reduced depending on the braze alloy selected. The heavy-metal alloys can 
be joined by hot pressure welding; however, this requires close tolerance fits and very 
accurate temperature control. 


Heat Treatment 

The heavy-metal alloys are not really heat treatable. However, they are susceptible 
to hydrogen embrittlement. Because maximum sinterability is usually obtained in hydro- 
gen atmospheres, it is desirable to heat treat the parts either in vacuum or in an inert 
atmosphere to remove the adsorbed and/or absorbed hydrogen. Approximately 3/4 hour 
per centimeter (2 hr/in. ) of thickness is required at 1367 K (2000° F) to remove the 
hydrogen. 


CONCLUDING REMARKS 

The shielding materials recommended for space nuclear reactors are lithium hy- 
dride for neutron attenuation and either depleted uranium or a tungsten alloy for gamma- 
ray attenuation. For minimum shield weights, these materials are arranged in alternat- 
ing layers to attenuate efficiently the secondary gamma rays produced in the shield. 

It appears that these materials have been sufficiently developed to be used in the de- 
sign and construction of space flight shields. The SNAP program has provided a broad 
technology base for the use of lithium hydride as a shield material. Further recent ex- 
periences of lithium hydride fabrication in connection with the shielding used for the 
NASA Lewis Research Center Zero Power Reactor have extended the fabrication tech- 
nology of lithium hydride . 

The use of uranium or tungsten alloys in shields should offer no insurmountable 
problems. Although some properties of these materials may appear troublesome, such 
procedures as proper alloy selection, heat treatment, and use of protective coatings are 
available to the shield designer to overcome these problems. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, May 1, 1973, 

503-25. 


20 



APPENDIX A 


PROPERTIES OF LITHIUM HYDRIDE 


The properties included herein are those pertinent to space nuclear shields. Ref- 
erence 18 contains an extensive description of the properties of lithium hydride. 


Physical Properties 

Lithium hydride (LiH) is a imique compound of lithium and hydrogen possessing the 
following properties: 


Crystal structxrre Face- centered cubic 

Molecular weight g/mole; Ibm/mole 7.936; 0.0175 

Density, g/cm^; Ib/ft^ 0.775; 48.3 

Hydrogen content (natural LiH), wt. % 12. 68 

Hydrogen density (natural LiH), H atoms/cm^; H atoms/in. ^ . . 5.86x10^^; 9.3x10^^ 

Melting point, K; °F 959; 1267 

Plateau dissociation pressure at melting point, N/m ; in. Hg 3. 31x10 ; 0. 98 


Thermal conductivity at 811 K (1000° F), W/(cm)(K); Btu/(hr)(ft)(°F) . . . 0.05; 2.9 

Thermal expansion in range of 294 to 811 K (70° to 1000° F), percent 2. 62 

Lithium hydride is a salt- like white crystalline substance. The polycrystalline cast 
material is blue -gray in color. Exposure to moisture results in the formation of lithium 
hydroxide (and evolving hydrogen), which is white. 


Thermal Properties 


Table m shows the linear thermal expansion of LiH. The thermal expansion of 


TABLE ni. - LINEAR THERMAL EXPANSION OF LiH 


Temperature range 

o 

Linear thermal expansion , percent 

K 

°F 

LiH 

Uranium 

Type 304 stainless steel 

294 to 533 

70 to 500 

1.06 

0.33 

0.45 

294 to 700 

70 to 800 

2.00 

.61 

.77 

294 to 867 

70 to 1100 

2.94 

.98 

1. 11 


^Ref. 28. 
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uranium and type-304 stainless steel are shown for comparison. At 700 K (800° F) the 
LiH expands thermally about 2^ times as much as the type-304 stainless steel. The 
mechanical integrity of LiH is degraded by thermal cycling and thermal shock. Since 
LiH is salt- like (very brittle), it cracks and breaks up when it is thermally cycled. Re- 
inforcing structures in the LiH are required to control gross cracking during thermal 
cycling. 

The thermal conductivity of cast LiH in helium and in a vacuum is shown as the 
solid curves in figure 7. The dashed curves in figure 7 represent "bulk" thermal con- 



200 400 600 800 1000 

Temperature, °F 

Figure 7. - Thermal conductivity of cast lithium hydride. 


ductivity values of cast LiH inside stainless- steel containers. The bulk thermal con- 
ductivity is defined as the thermal conductivity of the system: LiH, interface, and ves- 
sel. The differences between the two dashed curves and the upper solid curve (cast LiH 
in helium) are attributed to the thermal resistance at the LiH-wall interface. At 867 K 
(1100° F) there appears to be no difference between the bulk thermal conductivity and 
the LiH thermal conductivity. Reference 6 postulates that at this temperature the LiH 
is contacting the vessel wall. This contact can occur because the thermal expansion 
coefficient of the LiH is much greater than that of its stainless-steel container. Fig- 
ure 7 shows that the use of internal perforated ribs welded to the vessel wall substan- 
tially enhances the bulk thermal conductivity at the lower temperatures. The one data 
point at 700 K (800° F) for a Li-backfilled LiH shield (ref. 6) is also shown in figure 7. 
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Chemical and Thermodynamic Properties 


Liithium hydride is chemically unstable (pyrophoric) in oxidizing atmospheres. It 
reacts with moist air exothermically, forming LiOH and LigO and evolving hydrogen. 

In moist air the powder may ignite spontaneously. It burns fiercely, forming a mixture 
of products that includes some nitrogenous compounds. The lump material reacts with 
humid air, forming a superficial coating which is a viscous fluid. This coating inhibits 
further reaction. Both the powder and lump material ignite when moistened. The 
moistened powder may cause a violent dust explosion. 

The equilibrium hydrogen pressure over LiH varies with both temperature and 
composition in the manner characteristic of most metal- hydrogen systems. Table IV 


TABLE IV. - VARIATION OF PLATEAU 
DISSOCIATION PRESSURE WITH 
TEMPERATURE 


Temperature 

Plateau dissociation pressure^ 

K 

°F 

N/m^ 

in. Hg 

589 

600 

4.35x10"^ 

1.29x10"® 

700 

800 

2.26 

6.69x10“^ 

811 

1000 

99.6 

2.95x10"^ 

922 

1200 

1.32x10^ 

0.39 

959 

1267 

3.31x10^ 

0.98 


^Ref. 19. 


shows the variation of plateau dissociation pressure with temperature. These dissocia- 
tion pressures require that a hydrogen overpressure be maintained over the LiH or that 
the LiH be sealed in containers. It has been estimated (ref. 19) that a solid shape of 
LiH at 700 K (800° F) would release all its hydrogen in about 1000 hours. Thus, the 
LiH must be sealed in containers that are impervious to hydrogen. 

Austenitic (300 series) stainless steels are being considered (see compatibility and 
corrosion below) as the container material. Hydrogen will, however, diffuse through 
container walls made of stainless steel. An estimate based on the hydrogen diffusion 
data of reference 20 was made of the hydrogen loss in the LiH inner layer of the SNAP- 8 
reactor shield. Table V shows the results of this estimate. If the temperature is 811 K 
(1000° F) or less, the hydrogen loss by diffusion is negligibly small. If the container is 
damaged by laxmch loads or micrometeroid penetration, the amount of hydrogen loss 
can be much greater. 
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TABLE V. - ESTIMATE OF HYDROGEN LOSS IN 
10 000 HOURS BY DIFFUSION THROUGH 
CONTAINER WALLS 


[Material, type 304 stainless steel 0. 2 cm 
(0. 08 in. ) thick!] 


2 ^ 

Maximum temperature 

Hydrogen loss, percent 

K 

°F 

922 

1200 

2. 1 

811 

1000 

. 15 

700 

800 

3x10’^ 

589 

600 

3x10"^ 


^Temperature at inside radius (56 cm (22. 04 in. )) 
of inner LiH layer (10 cm (3. 94 in. ) thick) of a 
passively cooled SNAP- 8 reactor shield. 


For instance, for lithium hydride at 811 K (1000° F) in a container having a 0. 363- 
centimeter (0. 143-in. ) thick wall, about 10 percent of the hydrogen would be lost in a 
10 000-hour period in a near-earth orbit as a result of micrometeroid damage (ref. 21). 
At a temperature of 644 K (700° F), with a wall thickness of 0. 20 centimeter (0. 08 in. ) 
the hydrogen loss would be much less than 1 percent. This substantial reduction of hy- 
drogen loss is a result of the rapid reduction of the LiH dissociation pressure with lower 
temperatures (see table IV). 


Mechanical Properties 

The room-temperature properties (ref. 19) of cold-pressed and sintered LiH are 


Ultimate compressive strength, N/m^ (psi) 1.01x10® (14 600) 

Ultimate tensile strength, N/m^ (psi) 1.84x10"^ (2670) 

Modulus of elasticity (tension), N/m^ (psi) 7. 24x10^® (10. 5x10®) 

Proportional Umit, N/m^ (psi) . 6. 60x10® (962) 

Bulk modulus, N/m^ (psi) 4. 55x10^® (6. 6x10®) 


Reference 19 also gives the ultimate strength of LiH (cold pressed) at elevated tempera- 
tures, reproduced here in table VI. Lithium hydride is very brittle near room tempera- 
ture. At elevated temperatures the elongation on fracture shows that LiH goes from a 
very plastic material at 533 K (500° F) to a material which readily tears apart at 727 K 
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TABLE VI. - ULTIMATE TENSILE STRENGTH OF LITHIUM 


HYDRIDE AT ELEVATED TEMPERATURES 


Temperature 

Compressive 

. Tensile 

K 

°F 

2 

Ultimate tensile strength, N/m (psi) 

533 

500 


1.3x10'^ (1916) 

538 

510 

5.7xlo'^ (8250) 


555 

■ 540 

3. 2x10"^ (4670) 


644 

700 


5.7X10® (830) 

688 

780 

1. 5x10"^ (2190) 

2. ixlO® (310) 

727 

850 



(850° F.). The elongation at 533 K (500° F) was about 30 percent, compared to 10 per- 
cent at 644 K (700° F) and 2 percent at 727 K (850° F). 


Compatibility and Corrosion 

The successful containment of LiH during casting and at elevated temperatures for 
extended periods of time has been investigated (refs. 18, 19, and 22). The presence of 
impurities, including those caused by exposure of LiH to air, may profoundly affect the 
corrosive character. Lithium oxide and lithium chloride are extremely corrosive to 
most metals and ceramics. Lithium oxide is a common impurity resulting from undue 
exposure to air. Lithium chloride is present in most commercial LiH in varying 
amounts. 

Reference 19 evaluates the LiH corrosion effects on austenitic stainless steels. 

The material used for these tests was high-purity LiH in the form of cold- pressed pel- 
lets. The impurities in the LiH were not given. Prior to exposure at temperature, the 
specimens were loaded in the stainless-steel capsules in a dry argon atmosphere, out- 
gassed at test temperatures, backfilled with argon, and then sealed by welding. The 
capsules were subjected to temperatures of 755, 922, and 1033 K (900°, 1200°, and 
1400° F) for time periods as long as 2000 hours. In general, the 300 series and 19-9 
DL stainless steels reacted in a bulk manner to form a reaction layer or a zone within 
the exposed material. The specimens did not show evidence of intergranular penetra- 
tion, intergranular corrosion, or major surface recession. The depth of the reaction 
zone, as measured from photomicrographs, ranged from nil to 0. 127 millimeters 
(0. 005 in. ). However, microhardness traverses revealed that the reaction zones were 
deeper (a maximum depth of 0. 457 mm (0. 018 in. ) for 2000- hr exposure at 922 K 
(1200° F)). 
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In reference 19, tensile test specimen blanks made of the austenitic stainless steels 
were exposed to LiH at elevated temperatures, 755 to 1033 K (900° to 1400° F). The 
effect of exposure to LiH was, in general, to increase the ultimate and yield tensile 
strengths and to decrease the reduction in area and elongation. 

Several nickel- and cobalt-base braze alloys were exposed to molten LiH for 
periods as long as 2000 hours. The only braze alloy fo\md to be compatible with molten 
LiH (for as long as 4000 hr) was Haynes Stellite 157 (a cobalt-base alloy). Most nickel- 
base braze alloys are unsuitable since nickel is very reactive with molten LiH (ref. 19). 

Radiation Damage 

Lithium hydride that is either not outgassed or has become contaminated with mois- 
ture may exhibit significant radiation- induced swelling (i.e. , >10 vol. %) with even 
modest radiation dosages. For outgassed and noncontaminated LiH, volumetric swell- 
ing can be limited to less than 2 percent in a reactor radiation environment (neutrons 
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and gammas) with fast neutron doses of 10 nvt (E > 0. 1 MeV) if the temperature of 
the LiH is maintained above about 589 K (600° F) (ref. 22). For a gamma dose of 
25 gigarads from cobalt-60 (E ~ 1.25 MeV), the volumetric swelling can also be con- 
trolled to less than 2 percent if the LiH temperature is maintained above 589 K (600° F) 
(ref. 23). 
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APPENDIX B 


PROPERTIES OF URANIUM 


This appendix contains the pertinent mechanical properties of uranium and some of 
its alloys as they apply to nuclear reactor shielding. 

The mechanical properties of all vmanium materials can vary widely depending on 
strain rate, material purity, grain size, fabrication history, and so forth. The varia- 
tions in ultimate strength are shown as the banded areas in figure 8. The lower values 
are, in general, caused by cast material, high impurities, and large grain size. These 
same factors also affect the elongation properties, as shown in table VII. 


16x10^ 11x10* 



200 400 600 800 1000 1200 1400 

Temperature, ®F 

Figure 8. - Ultimate tensile strength of uranium and selected uranium alloys. 
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TABLE Vn. - ELONGATION PROPERTIES OF URANIUM MATERIALS 
(a) Room -temperature elongation 


Material 

Condition 

Elongation, 

percent 

Reference 

Unalloyed uranium 

Forged, beta quenched, and aged 

6 to 16 

29 


Forged, beta quenched, aged, 
and welded 

2 to 5 

29 


Rolled and alpha annealed at 
895 K (1150° F) 

13 to 20 

30 


Rolled, alpha annealed at 895 K 
(1150° F), and welded 

6 to 8 

30 

U-0. 5Ti 

Rolled and beta quenched 

6 

(a) 


Rolled and gamma quenched 

15 to 19 

(a) 


Forged and gamma quenched 

0 to 4 

29 


Forged, gamma quenched, and 
welded 

1 

29 

U-0.72T1 

Rolled and gamma quenched 

6 

(a) 


Cast, ^mma quenched, and 
welded 

2 

12 

U-8Mo 

Rolled and gamma quenched 

1 

31 


^Private communication from J. E. Batch, Union Carbide Corp. , Nuclear 
Division, Y- 12 Plant, Oak Ridge, Tenn. , Oct. 12, 1971. 
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TABLE Vn. - Concluded. ELONGATION PROPERTIES OF URANIUM MATERIALS 


(b) Elevated-temperature elongation 


Material 

. Condition 

Elongation, percent 

Reference 



At 473 K 

At 673 K 

At 867 K 




(390° F) 

(750° F) 

(1100° F) 


Unalloyed uranium 

Cast 

24 

28 

42 

32 


Rolled and alpha annealed 

32 to 50 



30 


at 895 K (1150° F) 
Rolled, alpha annealed at 

25 to 29 



30 


895 K (1150° F), and 






welded 





U-O.STi 

Rolled and gamma 


32 


(a) 




quenched 





U-0.72Ti 

Rolled and gamma 


25 


(a) 


10 to 15 


quenched 
Cast and gamma 

16 to 25 

12 



quenched 
Cast, gamma 

10 


12 





quenched, and welded 





U- 8 M 0 

Rolled and gamma 

6 

9 

5 

31 


quenched 







^Private communication from J. E. Batch, Union Carbide Corp. , Nuclear Division, 
Y-12 Plant, Oak Ridge, Tenn. , Oct. 12, 1971. 




APPENDIX C 


PROPERTIES OF TUNGSTEN HEAVY -METAL ALLOYS 

Some of the properties of the W-3. 5Ni-l. 5Fe heavy-metal alloy are given in 
table Vm. 
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TABLE Vni. - PROPERTIES OF 95W-3. 5Ni-l. 5Fe ALLOY 



p 

3 

o 




3 

u 


f-i 

Qi 

a 

£ 


u 

o 

T3 

<D 

(3 

0> 


rt 

Q 

w 

rt 


31 


Heat treatment not given. 
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